The unique mental abilities of humans are rooted in the immensely expanded and folded neocortex, which reflects the expansion of neural progenitors, especially basal progenitors including basal radial glia (bRGs) and intermediate progenitor cells (IPCs). We found that constitutively active Sonic hedgehog (Shh) signaling expanded bRGs and IPCs and induced folding in the otherwise smooth mouse neocortex, whereas the loss of Shh signaling decreased the number of bRGs and IPCs and the size of the neocortex. SHH signaling was strongly active in the human fetal neocortex but Shh signaling was not strongly active in the mouse embryonic neocortex, and blocking SHH signaling in human cerebral organoids decreased the number of bRGs. Mechanistically, Shh signaling increased the initial generation and self-renewal of bRGs and IPC proliferation in mice and the initial generation of bRGs in human cerebral organoids. Thus, robust SHH signaling in the human fetal neocortex may contribute to bRG and IPC expansion and neocortical growth and folding.
The neocortex, a six-layered structure covering mammalian brains, computes high-order sensory, motor and cognitive processes. During evolution, the neocortex expanded dramatically and folded in certain species. The immense expansion of the neocortex in humans has made possible the complex behavior, cognition and intellect that are quintessential to humans. Neocortical expansion and folding reflect an increase in the number of neurons, especially upper-layer neurons, and are thus dependent on the number and proliferative capacity of neural progenitors [1] [2] [3] [4] [5] . The primary neural progenitors are radial glia, whose cell bodies reside in the ventricular zone at the apical side of the developing brain and are hence called ventricular radial glia (vRGs) or apical radial glia (aRGs). The aRGs generate neurons directly or via IPCs that occupy the subventricular zone (SVZ). Newborn neurons migrate along radial processes of radial glia through the intermediate zone to the cortical plate to form neuronal layers.
A neurogenic area basal to the archetypal SVZ was recently identified in the brains of monkeys and humans 6, 7 . This area is called the outer SVZ (oSVZ) and is thought to be responsible for the expansion of the neocortex, especially the upper-layer neurons, in primates 6, 8 . The primary neural progenitors in the oSVZ are outer radial glia (also called bRGs) that are detached from the ventricle but maintain some aRG features, including radial processes 9, 10 . bRGs are also present in other species, including the mouse [10] [11] [12] [13] [14] [15] ; however, bRGs are greatly expanded in species with large and folded brains, especially humans, and their expansion is thought to underlie the complexity of the human brain [1] [2] [3] [4] [5] 11 . Yet little is known about the molecular pathways that lead to the expansion of bRGs and to neocortical growth and folding.
Defective SHH signaling causes holoprosencephaly, a defect in the separation of the brain hemispheres that mostly results from abnormal patterning. Notably, patients with mild holoprosencephaly often have smaller-than-normal brains at birth, or microcephaly 16 , suggesting that mechanisms affecting early patterning also affect neurogenesis and brain size. Indeed, mutations in SHH and PATCHED1, an SHH receptor gene, were found in patients with microcephaly but without holoprosencephaly 17, 18 . In mice, defective Shh signaling causes defective proliferation of IPCs and microcephaly 19 ; however, the role of SHH signaling in human neocortical development beyond patterning is unknown.
RESULTS

Elevated Shh signaling induces cortical growth and folding
To study the role of Shh signaling in neocortical development without affecting early patterning, we expressed a constitutively active Smoothened (SmoM2) , an activator of Shh signaling, in aRGs and their progenies from embryonic day (E) 13.5 by using a GFAP promoterdriven Cre. GFAP::Cre; Gt(ROSA)26Sor tm1(Smo/EYFP)Amc (SmoM2 loxP/+ ) mice (SmoM2 mutants) had cortices larger than those of controls ( Fig. 1) . Remarkably, SmoM2 mutants consistently developed folding in the cingulate cortex and showed increased cell density in the upper layers of the cingulate and medial cortices ( Fig. 1b) . SmoM2 mutants normally expressed layer-specific markers (Fig. 1c) . The density of deep-layer neurons expressing Tbr1 (Tbr1 + ) was slightly decreased in SmoM2 mutants, but Satb2 + upper-layer (layer II and III) neurons in the cingulate and medial cortices were denser in SmoM2 mutants than in controls ( Fig. 1c,e) . Notably, white matter extended into the induced gyri ( Fig. 1b) , suggesting that the upper-layer neurons in the folded area had axonal projections. The Satb2 + neuronal density was unchanged in the laterally located sensory cortex (data not shown), which showed no folding. These results suggest that increased Satb2 + upper-layer neurons induce folding in the cingulate cortex.
Elevated Shh signaling expands bRGs and IPCs
To understand upper-layer neuronal expansion, we examined neural progenitors at E16.5, when mostly upper-layer neurons are generated. a r t I C l e S Consistent with the mitogenic effect of Shh on IPCs 19 , IPCs expressing Tbr2 (Eomes) were significantly increased in the SmoM2 mutants, especially in the SVZ, where most IPCs proliferate ( Fig. 2a,c and Supplementary Fig. 1 ). In controls, Tbr2 + cells spread to the intermediate zone, where newborn neurons maintain Tbr2 (ref. 20) . Although the selective expansion of IPCs alone can cause the cortex to grow even larger than in SmoM2 mutants, such selective expansion does not induce denser upper layers or folding in mice 21 , suggesting that additional mechanisms are involved in folding.
The density of Pax6 + Tbr2 − aRGs was unchanged in SmoM2 mutants; however, Pax6 + Tbr2 − cells were significantly increased outside the ventricular zone in the SmoM2 cortex ( Fig. 2a,b) . Notably, Pax6 + Tbr2 − cells were increased significantly more in the medial than in the dorsal part of the neocortex (1.6-fold; Mann Whitney test; P = 0.0261; sum of rank = 89.50, 46.50, U = 10.50; standard error = 0.216, 0.096; n = 8) reflecting SmoM2 expression along a high-medial to low-lateral gradient in SmoM2 mutants (Supplementary Fig. 1c ). The Pax6 + Tbr2 − cells outside the ventricular zone also expressed Sox2 (Supplementary Fig. 2a ), a transcription factor expressed by radial glia. The expression pattern (Pax6 + Sox2 + Tbr2 − ) and location of these cells were reminiscent of those of bRGs. Indeed, most Sox2 + cells outside the ventricular zone had processes that were positive for the radial glia markers RC2 and Glast, confirming their bRG identity ( Supplementary Fig. 2a ). In SmoM2 mutants, bRGs showed diverse morphology, with basal, apical, or bipolar processes oriented radially or tangentially, similar to bRGs in monkeys and ferrets 22, 23 , and some had a growth cone-like structure, as in human and ferret bRGs 23 ( Supplementary Fig. 2a ).
To test whether SmoM2 increased bRGs cell-autonomously, we induced sparse recombination and labeled the recombined cells with tdTomato in GFAP::CreER; SmoM2 loxP/+ ; tdTomato loxP/+ mice by injecting tamoxifen at E13.5 ( Fig. 2d,e ). At E16.5, tdTomato + bRGs were significantly increased in GFAP::CreER; SmoM2 loxP/+ ; tdTomato loxP/+ mice compared to controls, indicating cell-autonomous functioning of SmoM2 ( Fig. 2d-f ). As in monkeys 22 , bRGs showed diverse morphology, with bipolar bRGs being the most abundant ( Supplementary Fig. 2b) . Thus, SmoM2 cell-autonomously increased bRGs that resembled those in gyrencephalic species.
Elevated Shh signaling keeps bRGs and IPCs in the cell cycle
Manipulating Trnp1, PDGFD signaling, or ARHGAP11B increases bRGs in mice via delamination of aRGs [24] [25] [26] . However, SmoM2 increased the number of bRGs without decreasing that of aRGs ( Fig. 2b) , similar to the initial bRG expansion in humans 1 . Thus, SmoM2 may have raised the number of bRGs by increasing their self-renewal, production, or both. To test if SmoM2 increased self-renewal, we investigated the fraction of self-renewed bRGs remaining in the cell cycle 24 h after the previous S phase by injecting bromodeoxyuridine (BrdU) at E15.5 and 5-ethynyl-2′-deoxyuridine (EdU) at E16.5 1.5 h before collecting embryos ( Fig. 3a) . At E16.5, SmoM2 mutants showed increased proliferation of IPCs (EdU + ) but not of aRGs and bRGs; however, the proportions of bRGs and IPCs remaining in the cell cycle 24 h after the previous S phase (EdU + BrdU + cells) were significantly higher in SmoM2 mutants than in controls ( Fig. 3a,b) . bRGs migrate basally before dividing; thus, the more they divide and self-renew, the further they move from the ventricular surface 9, 12 . Consistent with the increase in BrdU + EdU + bRGs, bRGs were distributed more basally in SmoM2 mutants than in controls ( Fig. 3c) , indicating increased self-renewal of bRGs in SmoM2 mutants.
Elevated Shh signaling shifts aRG division to produce bRGs
Multiple types of bRGs and IPCs, including short neural precursors (also called apical IPCs), are all descendants of aRGs 12, 13, 22, 27, 28 . Therefore, we investigated whether aRGs produced more bRGs in SmoM2 mutants. To compare the direct progenies of aRGs and exclude IPCs and neurons generated from IPCs, we compared cells in the ventricular zone but excluded the SVZ, where IPCs were actively proliferating ( Fig. 3b and Supplementary Fig. 3d ). At E15.5, radial glia constituted 49% of the cells in the control ventricular zones and 64% of the cells in the SmoM2 ventricular zones (Fig. 3d,e and Supplementary  Fig. 3a ). The percentage of IPCs (Tbr2 + Pax6 + or Tbr2 + Pax6 − ) and
the number of neurons (TuJ1 + ) were significantly reduced in SmoM2 ventricular zones ( Fig. 3d,e ). Thus, SmoM2-expressing aRGs produced more radial glia at the expense of IPCs and neurons, which may explain the decrease in Tbr1 + neurons ( Fig. 1e ). Despite this, aRGs were not increased at E16.5 in SmoM2 mutants, whereas bRGs were markedly increased ( Fig. 2b) , suggesting that the additional radial glia in the mutant ventricular zone at E15.5 became bRGs. a r t I C l e S Figure 3 SmoM2 expands bRGs by increasing their self-renewal and changing the aRG division angle toward bRG production. (a) The experimental scheme and E16.5 cortices labeled for Pax6 (blue), Tbr2 (green), BrdU (gray) and EdU (red). The boxed areas are enlarged in the right. Pictures represent at least 3 repeats. (b) Proliferation (EdU + , left) and self-renewal (EdU + BrdU + , right) of radial glia and IPCs. All data collected from 8 brain slices from 3 mice per group passed Kolmogorov-Smirnov (KS) test for normality, P > 0.1. Two-tailed unpaired t-test for proliferation: aRG, P = 0.2680, t (14) = 1.154; bRG, P = 0.0103, t (14) = 2.960; IPC, P = 0.0001, t (14) = 15.75. F-test for equal variance: aRG, P = 0.5533, F (7,7) = 1.594; bRG, P = 0.3659, F (7,7) = 2.045; IPC, P = 0.1751, F (7,7) = 2.963. Two-tailed unpaired t-test with Welch's correction for self-renewal of bRG: P = 0.0056, t (9) = 3.618; F-test for variance: P = 0.0274, F (7,7) = 6.245. Two-tailed unpaired t-test for self-renewal of IPC: P = 0.0001, t (14) To investigate the mechanism by which the cell composition changed in the SmoM2 ventricular zone, we investigated the division angles of aRGs. aRGs dividing on an axis horizontal to the ventricular surface (horizontal division) mostly produce neurons or IPCs, whereas those dividing vertically or obliquely produce bRGs 13, 27 . Vertical and oblique divisions were remarkably increased in SmoM2 mutants, as compared to controls (42% versus 15%) ( Fig. 3f,g) . Furthermore, radial glia dividing in the ventricular zone but away from the ventricular surface were significantly increased in SmoM2 mutants ( Supplementary Fig. 3b-d) . Radial glia dividing non-apically in the ventricular zone produce bRGs 23, 29 and may also represent bRGs in transit to the SVZ after generation at the ventricular surface; bRGs are also found in the inner SVZ and ventricular zone 11, 14, 23 . Thus, SmoM2 increased the number of bRGs by shifting aRG division toward bRG production. SmoM2 also greatly increased the number of proliferating IPCs ( Fig. 3b and Supplementary Fig. 3b,d) , resulting in their expansion in the SVZ despite their decreased production from aRGs (Fig. 3e) . These results suggest that the expansion of bRGs through increased production and self-renewal, along with an increased number of IPCs, led to neocortical expansion and folding in SmoM2 mutants.
Fate analysis of progenies from aRGs expressing SMOM2
To confirm that SmoM2 shifted aRG division toward bRG production at the expense of IPCs and neurons, we transduced aRGs sparsely with retroviruses expressing GFP either alone or with SMOM2 (a constitutively active human SMO) at E13.5 and examined the fates of GFP + cells in transduced clones that had at least two cells. At E15, 46% of clones expressing GFP alone contained only IPCs and/or neurons (IPC/N) without radial glia (IPC/N clones), a further 46% contained one aRG with IPC/N (aRG + IPC/N), and 8% contained two aRGs with or without IPC/N (2aRGs + IPC/N) ( Fig. 4) . Similarly to what we observed in SmoM2 mutants (Fig. 3e) , SMOM2 transduction increased clones containing aRGs to 67% (56% aRG + IPC/N and 11% 2aRG + IPC/N) at the expense of IPC/N clones (33%). Remarkably, by E16, the proportion of aRG-containing clones decreased to the control level (47%), concomitant with a marked increase in the proportion of bRG-containing clones to 23%, which was much higher than that Fig. 1c Fig. 4a ). The cortical layering was not disrupted in the folded area ( Supplementary Fig. 4b ).
Inducing recombination moderately at E12.5 in Nestin::CreER; SmoM2 loxP/+ mutants avoided early lethality and induced folding outside the cingulate cortex (Supplementary Fig. 4c) Fig. 5a ). At E16.5, cells expressing Ascl1 and Dlx2 appeared in SmoM2 mutant cortices ( Supplementary Fig. 5b) ; however, the majority of neural progenitors were negative for Ascl1 and Dlx2, unlike those in Emx1:: Cre; Sufu loxP/loxP mice 32 . Notably, a subpopulation of human cortical progenitors express ASCL1, and human bRGs directly produce ASCL1 + cortical progenitors 9 . Thus, the specification of cortical progenitors in our SmoM2 mutants was largely unaffected and was somewhat similar to that of human cortical progenitors.
SmoM2 requires cilia and Gli2 to induce neocortical folding
To test whether cilia-dependent canonical Shh signaling was required for folding, we ablated the primary cilia from Fig. 6a ), as did removing Gli2, a transcription factor essential to the Shh-induced transcriptional program, in GFAP::Cre; SmoM2 loxP/+ ; Gli2 loxP/loxP mice (data not shown). Therefore, transcriptional regulation through primary cilia and Gli2 was required for SmoM2-driven neocortical expansion and folding.
Loss of Smo decreases IPCs, bRGs, and the neocortex
Because elevated Shh signaling expands the bRG population and the neocortex, we investigated whether endogenous Shh signaling affected Smo mutants had abnormally small brains (Supplementary Fig. 6b ) and significantly fewer IPCs and bRGs but not aRGs (Fig. 5a-c) .
Remarkably, the loss of Smo decreased the proportion of aRGs dividing vertically or obliquely (Fig. 5d) . Consequently, Smo mutants had more Tbr1 + deep-layer neurons and fewer Satb2 + upper-layer neurons than did control mice, the exact opposite of what is found in SmoM2 mutants ( Fig. 5e versus Fig. 1e ). Thus, endogenous Shh signaling was required to expand IPCs, bRGs, upper-layer neurons and the neocortex.
Active SHH signaling in the human fetal neocortex Despite its critical roles in expanding basal progenitors and the neocortex, Shh signaling is minimally active in the embryonic mouse neocortex. Gli1, a faithful marker of strong Shh signaling, is highly expressed in the ganglionic eminence but is undetectable in the embryonic neocortex (Supplementary Fig. 7a ). Consistently, lacZ or CreER knocked into the Gli1 locus labels cells in the ganglionic eminence but not in the neocortex 34 . In contrast, GLI1 is highly enriched in human aRGs 35 . In the ferret cortex, Gli1 expression is significantly higher in the region of the ventricular zone that gives rise to the thick oSVZ containing many bRGs than in the ventricular zone region that gives rise to the thin oSVZ containing fewer bRGs 36 . Therefore, strong SHH signaling may contribute to bRG and neocortical expansion in humans. To compare SHH signaling activity in the developing neocortex of humans and mice, we sequenced RNA from the medial or lateral neocortices of E14 mouse embryos and compared Gli1 levels in our data with GLI1 levels in human RNA-seq data obtained from BrainSpan (http://brainspan.org/), which also used RNA from macrodissected neocortical tissues. To compare Gli1 and GLI1 levels in the two species, we normalized their levels to the expression levels of radial glia markers SOX2, NESTIN and PAX6, which show similar expression patterns in human and mouse radial glia 35 . Notably, GLI1 and Gli1 levels correlated positively with bRG numbers in each species. In the human fetal neocortex, GLI1 levels greatly increased between 9 and 12 postconception weeks (pcw), coincident with bRG expansion, and remained high through mid-gestation, when the oSVZ is the main neurogenic area 9 (Fig. 6a and Supplementary Fig. 8a) . In mice, the Gli1 level was higher in the lateral cortex than in the medial cortex, consistent with higher numbers of bRGs in the lateral cortex than in the medial cortex 12 (Fig. 6a) . Notably, the relative GLI1 levels in human fetuses were higher than were the relative Gli1 levels in mouse embryos ( Fig. 6a and Supplementary Fig. 8b) . Another RNAseq data set generated from sorted radial glia also showed higher GLI1 levels in human aRGs 26 (Supplementary Fig. 8c) . Consistent with the RNA-seq data and in contrast to data from the mouse embryonic neocortex, in situ hybridization detected GLI1 expression in the human neocortical ventricular zone (Fig. 6b) , as well as in the ganglionic eminence (Supplementary Fig. 7b) . The transcriptome and in situ data suggest potent SHH signaling in the human fetal neocortex. Next, we investigated the source of SHH in human fetal brains. We detected SHH mRNA and SHH protein in the hypothalamic ventricular zone (Supplementary Fig. 9a) , which could secrete SHH into the ventricle. SHH proteins were consistently highly enriched at the ventricular surface of the neocortex (Fig. 6c) . In mice, the loss of Smo but not of Shh in the cortex decreases cortical progenitor proliferation Figure 5 Smo is required to expand IPCs, bRGs and upper-layer neurons. (a) E16.5 cortices labeled for Pax6 (red) and Tbr2 (green). The circles indicate examples of Pax6 + Tbr2 − bRGs. Scale bar, 50 µm. We analyzed 9 sections from 3 mice per group. (b) Quantification of radial glia. Mann Whitney test; medial aRG, P = 0.5076, sum of ranks = 93.50, 77.50, U = 32.50; dorsal aRG, P = 0.3401, sum of ranks = 97, 74, U = 29.00; medial bRG, P = 0.0005, sum of ranks = 122, 49, U = 4.000; dorsal bRG P = 0.0002, sum of ranks = 124, 47, U = 2.000. (c) Quantification of IPCs. Mann Whitney test; medial IPC, P = 0.0188, sum of ranks = 112, 59, U = 14.00; dorsal IPC, P = 0.0078, sum of ranks = 115, 56, U = 11.00. (d) Quantification of aRGs dividing non-horizontally (0° ≤ α ≤ 60°). We blindly analyzed 144 cells (Smo mutants) and 190 cells (controls) in 7 sections from 3 mice per group. Two-tailed unpaired t-test with Welch's correction, P = 0.0124, t (7) = 3.343; F test for variance, P = 0.0098, F (6,6) = 11.18. (e) Expression and quantification of layer-specific markers: Satb2 (red), Ctip2 (blue) and Tbr1 (green). Scale bar, 0.2 mm. Two-tailed unpaired t-test: for Tbr1, P = 0, t (16) = 5.244; for Ctip2, P = 0.0271, t (16) = 2.432; for Satb2, P = 0, t (11) = 7.947. n = 9 sections from 3 mice per group. All data passed Kolmogorov-Smirnov (KS) test for normality, P > 0.1 and F-test for equal variance: P = 0.4990, F (8,8) = 1.642 (Tbr1), P = 0.0701, F (8, 8) 
SMO inhibitor decreases bRGs in human cerebral organoids
To investigate whether SHH signaling regulates the human bRG population, we employed a cerebral organoid model that recapitulates features of the developing human brain 38 . As reported, this model develops well-defined ventricular-zone-and SVZ-like structures and bRG-like cells (Supplementary Fig. 10a) .
To investigate whether SHH signaling affects human aRG division angles, we treated organoids with either SANT1 (a SMO antagonist) or SAG (a SMO agonist). In contrast to mouse aRGs ( Fig. 3g) but similarly to human aRGs in slice culture 27 , more than half of the aRGs divided obliquely or vertically in the controls (Fig. 7a) . Remarkably, SANT1 decreased the incidence of oblique and vertical division to 26%, similar to that found in mouse aRGs, and subsequently decreased the number of PAX6 + TBR2 − bRG-like cells outside the ventricular zone, whereas neither effect was seen with SAG ( Fig. 7a,b) . This differential efficacy of SANT1 and SAG may reflect high levels of endogenous SHH signaling in the organoids. To test this, we examined the localization of SMO, which concentrates inside primary cilia upon activation 39 . Consistent with our hypothesis, SMO localized to 51% of the primary cilia in control aRGs, and SAG did not increase ciliary SMO localization, whereas SANT1 decreased it to 19% (Fig. 7c) . Thus, human cerebral organoids exhibited intrinsic SHH signaling, and blocking this decreased oblique and vertical aRG divisions and the number of bRG-like cells. To test if blocking SHH signaling would affect the production of upper-layer neurons in organoids, we labeled a cohort of cells produced during SANT1 or DMSO (control) treatment with 5-chloro-2-deoxyuridine (CldU). The proportion of CldU + SATB2 + neurons in SATB2 + neurons was significantly decreased by SANT1 treatment (Supplementary Fig. 10b ). Thus, blocking SHH signaling decreased the number of bRG and the production of SATB2 + upper-layer neurons in organoids.
A recent study identified genes and a signaling pathway (LIFR-STAT3) selectively enriched in human bRGs (ref. 40) . We tested whether antibodies against three of the proteins encoded by genes identified in that study (PTPRZ1, TNC and ITGB5) and phospho-STAT3 could preferentially mark bRGs in human cerebral organoids and SmoM2 mutants, and found that they did not (data not shown).
DISCUSSION
The prevalence of neocortical folding in many mammalian lineages, the presence of bRGs in all the mammalian species examined and the selective expansion of bRGs in species with large and folded brains suggest that the mechanisms to induce bRG expansion and neocortical folding were present in a common ancestor of mammals and were subsequently selectively fortified or inactivated, giving rise to folded or smooth brains 11 . Our data suggest that Shh signaling has been central to the mechanisms underlying the evolutionary expansion of bRGs and neocortical growth and folding. Shh signaling promoted the expansion of mouse and human bRGs. Its activity was strong in human fetal cortex but not in mouse embryonic cortex, and elevating Shh signaling a r t I C l e S was sufficient to expand bRGs and induce neocortical folding in mice. Importantly, elevating Shh signaling increased the numbers of IPCs as well as bRGs. The expansion of both cell types probably contributes to the neocortical folding in SmoM2 mutants. The expansion of either progenitor in isolation is insufficient to induce folding 21, 41 , whereas knockdown of Trnp1 or overexpression of ARHGAP11B induces folding after expanding both IPCs and bRGs 24, 26 . Shh signaling expanded bRGs and IPCs through distinct mechanisms. Shh signaling promoted the initial generation and self-renewal of bRGs but did not increase their proliferation rate. In contrast, Shh signaling decreased the numbers of IPCs generated from aRGs but increased their proliferation and the proportion remaining in the cell cycle. Thus, Shh signaling offset the decreased generation of IPCs by promoting their proliferative divisions, leading to their great expansion in the SVZ. Like bRG expansion, the proliferative IPC division is characteristic of primates 9, 22 ; in rodents, IPCs mainly divide to form two neurons [42] [43] [44] . Thus, elevated Shh signaling elicited two developmental characteristics of large and folded brains, bRG expansion and proliferative IPC division, which are proposed to be necessary and sufficient for the evolution of an expanded and folded neocortex 45 .
The loss of Shh signaling in Smo mutants decreased the numbers of bRGs and IPCs. Previously, we showed that the loss of primary cilia resulted in no apparent defects in cortical development 46 . This seeming discrepancy is probably due to the fact that the loss of cilia results in the loss of both Gli activators and repressors, whereas the loss of Smo causes the loss of Gli activators and an increase in Gli repressors, leading to severer phenotypes than those resulting from the loss of cilia [47] [48] [49] . In the developing mouse neocortex, where Shh signaling activity is relatively weak, the loss of Gli activators in cilia mutants may be compensated for by the concomitant loss of Gli repressors. In contrast, the loss of Smo will result in the loss of activators and an increase in repressors, resulting in a pronounced decrease in signaling activity and in defective corticogenesis. We found strong SHH signaling activity in the human fetal cortex; thus, the loss of cilia and the resulting loss of Gli activators may strongly affect human corticogenesis. Notably, many of the genes mutated in congenital microcephaly are essential for the formation and function of centrioles and their associated structures, including cilia 50 . Our findings suggest that defective SHH signaling contributes to congenital microcephaly.
In SmoM2 mutants, folding occurred in the cingulate cortex, medial to the area that showed the greatest increase in bRGs (the dorsomedial corner of the cortex). Similarly, Trnp1 knockdown or ARHGAP11B overexpression accomplished by in utero electroporation induced folding mostly in the cortex medial to the electroporated area that showed an increased number of bRGs 24, 26 . It is unclear why the folding occurred preferentially in parts medial to the area with an increased number of bRGs. Neurogenesis proceeds from lateral to medial in mouse cortex. This lateral-to-medial gradient of formation and differentiation of neuronal layers may make those parts medial to the area interrupted by the increase in bRGs and neurons more amenable to structural changes than lateral parts. The physical constraint imposed by the corpus callosum to limit lateral expansion of increased neurons may also have contributed to folding in the cingulate cortex in SmoM2 mutants.
Conserved genes including Ccnd1, Cdk4, Trnp1, PDGFD and Pax6 and human-specific genes including ARHGAP11B may have contributed to the evolutionary expansion and folding of the mammalian neocortex 21, [24] [25] [26] 41 . Shh signaling probably interacts with these and other unidentified genes to generate the complex and large mammalian neocortex. The SmoM2 mutant, a transgenic mouse model that expands both bRGs and IPCs and consistently develops folding in a defined cortical area, will be important in deciphering these interactions and the mechanisms underlying neocortical development and evolution. 
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